In this paper, we introduce Adaptive Beamforming (AB) and Distributed Beamforming (DB) as two efficient techniques for Intelligent WiMAX (I-WiMAX). I-WiMAX is a new maritime communication system, consisting of Smart Radio (SR) principles and mobile WiMAX based on the IEEE 802.16e standard. Adopting AB, the same spectrum can accommodate more users by directing the main beam towards desired users while antenna pattern nulls towards others. To reduce the channel interferences caused by spectrum reusing, the Null Broadening (NB) method is required for downlink beamforming of I-WiMAX. A new NB method is presented in this paper with iterative weights computing for different OFDM subcarriers. Considering the spatial channel model seen at Subscriber Stations (SS) based on the von Mises distribution, the coverage range of one Base Station (BS) is dramatically enlarged by employing the NB technique. Meanwhile, assuming those SS which are within the coverage range as nodes of a relay network, the DB technique is introduced to forward signals to distant SS by forming the main beams towards them instead of deploying more BS to increase the communication range. It is proven in this paper that DB can successfully do the job. To reuse the spectrum, two DB methods are presented by directing different beams towards different required directions at the same time. With the AB and DB techniques, reliable I-WiMAX links can be established for long distances, with more optimum spectrum use and less infrastructure.
Introduction
Beamforming techniques have been widely introduced to many wireless communication systems to improve the system Signal-to-Noise-Ratio (SNR), which will consequently increase system data rates and enlarge the coverage range. I-WiMAX has been introduced as a new maritime communication system which combines Smart Radio (SR) and Mobile WiMAX in an intelligent way [1] . This paper presents the applications of two different beamforming techniques to I-WiMAX: Adaptive Beamforming (AB) and Distributed Beamforming (DB).
I-WiMAX: A New Maritime Communication System
I-WiMAX is aimed to provide a metropolitan access network, and should offer higher bandwidth, larger coverage in maritime wireless communications compared to existing wireless [1] . SR is a crucial part embedded in I-WiMAX to be applied into maritime communications. With SR, the new communication system gains knowledge on the severe sea communication environment, full of echoes and reflections, adapts to it, and therefore increases its cognition and flexibility. The SR technique, which is adopted on top of WiMAX, basically contains two techniques, Adaptive OFDM (AOFDM) and Smart Antenna (SA). AOFDM adaptively allocates the radio resource and consequently guarantees the reliable link in the sea channel full of fading and reflections caused by the rough sea surface. SA ensures a higher SNR which consequently results into larger coverage areas by performing adaptive beamforming.
With I-WiMAX, the people on board of ships are capable of enjoying a large amount of information anywhere and anytime. Therefore the transportation efficiency will be significantly improved by the abundant and versatile information obtained from the new maritime communication system based on broadband wireless networks. Furthermore the locationing ability of the broadband communication system is integrated, offering position services via RF localization.
Pervasive Adaptive Beamforming Techniques for Wireless Communications
SA is an effective technique for every energy-efficient radio because it can, in the transmit mode, focus the energy in the required direction and assist in reducing the multipath reflections and delay spread [2] , caused by the fact that a desired signal can arrive via different directions [3] . In the receive mode, it can also perform optimal combining after delay compensation of the incoming multipath signals [4] . According to [5] , an M-element adaptive array and a multi-beam antenna provide an M-fold increase in antenna gain. This increases the range and reduces the number of base stations required to cover a given area. An adaptive beamformer for the uplink WiMAX compliant system was proposed in [6] , which has demonstrated its ability to cope with time varying interference effectively. For WiFi in maritime scenarios, it has been shown in [6] that if a sectorized antenna is employed instead of an omni-directional antenna, the distance tested in a boat-to-air experiment can be at least doubled.
Recently an experimental adaptive beamforming system for the IEEE802.16e-2005 OFDMA downlink has been implemented by Motorola labs [7, 8] . This system consists of a real time-division duplex link between the Base Station (BS) array antenna and a single antenna Subscriber Station (SS). The test results show that the Mobile WiMAX is capable of obtaining significant coherent processing gains allowed by array antenna channels. The requirements for supporting SA by WiMAX are discussed in detail in [9] , as well as the protocol support and the complexity of extra signal processing as a result of beamforming.
In this paper, we propose an efficient spectrum usage of green radio, which means that all SS are assigned to all OFDM sub-carriers. Since we serve more than one user on a single traffic channel, co-channel interference suppression is our goal to achieve. Due to the spatial filtering function of SA, co-channel interferences may be reduced at both transmit and receive side by forming beams with nulls in the direction of those SS who share the same spectrum band [10] [11] [12] . As a result, it may lead to an increased number of users [13, 14] , which consequently improves the channel capacity and spectrum efficiency [15] .
An uplink adaptive beamforming technique can direct its main beam towards the interested signal source, while displaying nulls to the unwanted directions. This ensures that the transmitted signal from one of the SS can be detected and selected by the BS via beamforming. Therefore, for those re-used OFDM sub-carriers, the weights should guarantee the main beam directed towards the desired SS, while at the same time "null" beams are created towards other SS.
For downlink, since SS does not have SA, appropriate beamforming techniques must be provided by the BS to satisfy the link quality for all co-channel SS. If we only use the estimated weights of uplink for the downlink, the nulls in the patterns towards those co-channel SS may become too narrow. Therefore, Null Broadening (NB) methods for beamforming should be considered [16] . Employing the NB technique, the adaptive downlink beamforming of I-WiMAX for green radio is shown in Fig. 2 . Unlike the point nulling technique, the downlink beamforming with null broadening will spread the nulling over an angular region around a certain direction. I-WiMAX performs downlink beamforming with depressed power in a certain angular range to guarantee that the co-channel interference caused by spectrum reusing is reduced for SS. In this paper, we present a new NB method. It can be regarded simply as adding the coherent signals to each available signal source, but operating in two different directions; therefore it is called Virtual Direction Adding (VDA). Meanwhile, we also give a closed-form relationship between the weights of the Minimum Variance Distortionless Response (MVDR) beamformer and those with broadened nulls. Based on this result, we show that the weights of downlink beamforming with NB can be calculated iteratively. In addition, we demonstrate and compare VDA with another NB method, and show that when considering the spatial channel seen at the SS, the proposed NB method for downlink beamforming is highly required and it decreases co-channel interferences significantly.
Distributed Beamforming: A New Concept Beamforming Technique
In the case when some of the SS are beyond the transmitting range of each SS, we propose a solution to build a long distance energy-efficient link for I-WiMAX, as demonstrated in Fig. 3 . We suggest the "close" SS, which are located within the transmission range, to form a relay network forwarding BS signals by employing a beamforming technique to "far" SS, which are beyond the transmission range. The BS is equipped with SA, and then it can steer the main beam towards the direction of the relay network. We assume that the main beam is wide enough, and then all the nodes share the same information simultaneously. All relay nodes will constructively display a spatial beam pattern, directing mains beams towards those "far" SS. With the energy focused only in these directions, signals can be transmitted properly to a distant SS. Consequently, the BS cell coverage can be enlarged significantly without needing extra infrastructure.
The difficulty of the beamforming shown in Fig. 3 is that the positions of SS in the relay network for I-WiMAX are random. Unlike fixed antenna array elements, each SS can appear anywhere within the coverage range. Therefore, another beamforming technique (which is based on distributed array antenna elements), rather than AB should be considered.
DB is originally employed as an energy-efficient scheme to solve the long distance transmission by wireless sensor networks, in order to reduce the amount of energy required and consequently to extend the utilization time of the sensors. The basic idea of DB is that a set of nodes in wireless networks are treated as a virtual antenna array and then form a beam towards a certain direction to collaboratively transmit a signal. The direction of the main beam can be adjusted by setting the initial phase of each node. It is also regarded as collaborative beamforming.
Based on the work in [17] , DB is proposed in [18] as a new concept of beamforming. By employing N collaborative nodes, the collaborative beamforming can result in up to N -fold gain in the received power at a distance access point [18] . A cross-layer approach to DB for wireless ad-hoc networks is discussed in [19] with more complicated models and two time phases of communication steps. The improved beampattern and connectivity properties are shown in [20] , and a reasonable beamforming performance with node synchronization error is discussed in [21] . DB requires accurate synchronization; in other words, the sources must transmit at the same time, synchronize their carrier frequencies and control their carrier phases so that their signals can be combined constructively at the destination. Several synchronization techniques for DB can be found in [22, 23] .
As shown in the model of Fig. 3 , by introducing DB to the relay network, not only BS increases its transmission range, but also each SS as a collaborative relay node can reduce its transmission power to preserve its energy. As mentioned before, we propose that with the adaptive beamforming technique, the BS can transmit signals by steering the main beam towards one SS and nulls towards others while efficiently using the spectrum. This basic idea can also be implemented in DB for the relay network. It requires for the nodes of the relay network to form a beampattern with different main beams towards different directions of distant SS. If we adopt the initial phases proposed for each node as in [18] , only a single main beam towards one direction can be generated at one time. Therefore, we need to separately form different main beams in divided time slots, which is not time-efficient. Meanwhile, synchronizing the initial phases of nodes in each sub-time slots will also be required.
In this paper, we present two DB methods that can form multi-beams. The first method is to separate the nodes geographically into several ring ranges and a smaller circular range, while nodes at different ranges adopt different initial phases. Then by combining them together constructively, we can have beams towards several required directions. Another technique is to assign initial phases to each node randomly. Both DB methods can display multi-beam towards different destinations successfully, and only require one time of synchronization, instead of nodes synchronized each time when the beam direction changes. The Cumulative Distributed Function (CDF) of the beampattern, when the number of nodes is large, is discussed, showing the probability of a certain amount of energy that can be received at different directions.
Organization of the Paper
This paper is organized as follows. First in Sect. 2, we discuss AB for I-WiMAX. This includes the uplink and downlink Adaptive Beamformers. Meanwhile, a new NB method as a co-channel interference reduction technique is shown and demonstrated. In Sect. 3, DB for I-WiMAX is explained. We show that with two multi-beam generating DB methods, I-WiMAX is able to achieve communications to SS which are far beyond the transmission range. Finally in Sect. 4, we conclude the paper. 
Uplink and Downlink Adaptive Beamforming for I-WiMAX
The uplink adaptive OFDM beamformer of I-WiMAX is illustrated in Fig. 4 . The Minimum Mean Square Error (MMSE) beamformer is situated after the FFT for receiving. This is why it is called the post-IFFT/FFT beamformer. Its basic idea is to regard OFDM signals as a combination of several narrowband signals, so that the weights of the MMSE beamformer are decided after the Multi-carrier Modulator/Demodulator (IFFT/FFT) for each OFDM subcarrier. The weights for the OFDM adaptive beamformer are calculated iteratively. As shown in Fig. 4 , if one set of weight w i for the ith OFDM subcarrier is computed, others will be deduced by mapping them into different frequency bands via transformation matrix T. Thus the beamforming calculation will be performed only K times for all K SS, which requires less computation load and consumes less time [24] .
Several beamforming approaches exist with a varying degree of complexity. The beamforming technique was initially developed in the 1960s for military applications in sonar and radar, in order to remove unwanted noise and jamming from the array output. The first fully adaptive array was conceived in 1965 by Applebaum in [25, 26] , which was designed to maximize the SNR at the array's output. The Least Mean Square (LMS) error algorithm proposed by Widrow in [27] was regarded as an alternative approach to cancelling the unwanted interferences. Further work about LMS techniques was done by Frost in [28] and Griffiths in [29] by introducing the constraints to ensure that the desired signals were not filtered out along with the unwanted signals. However, for stationary signals, both algorithms converge to the optimum Wiener solution [30] . A different technology presented by Capon in 1969 [31] was the mentioned MVDR or the Maximum Likelihood Method (MLM). This was the first attempt to automatically localize signal sources. Later in 1974, the Sample Matrix Inversion (SMI) technique, which determines the adaptive antenna array weights directly, was demonstrated in [32] . These all belong to time-dependent reference techniques, which optimize the receive antenna weights in order to identify a known sequence at the output of the antenna array. Another technique is called the spatial reference technique, based on the Direction Of Arrival (DOA) estimation of signal sources. Many estimation methods of wave number and DOA of signal sources can be found in [33] [34] [35] . Blind beamforming is another important beamforming technique, which does not require training sequences and any information concerning the array's geometries: for example, Constant Modulus Adaptive (CMA) beamforming in [36] , Constant Modulus (CM) in [37] , Spectrum self-COherent REstoral (SCORE) in [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] and Decision-Directed Algorithm (DDA) beamforming in [40, 41] . To improve the robustness to the DOA uncertainty, the Bayesian beamformer was also proposed in [42, 43] .
For beamforming in the downlink, the weights for each subcarrier can also be calculated iteratively. Several methods [44] [45] [46] have been presented to derive the weights for downlink based on the knowledge of those of uplink, for example, the Null Constraint (NC) weights deciding approach.
A New NB Beamforming Technique for Downlink
We propose a new NB method, called VDA, on top of the MVDR beamformer employed for downlink beamforming by the I-WiMAX BS.
NB technique was originally developed as a robust array beamforming technique. It was also regarded as a beampattern synthesis method. Mailoux in [47] presented a NB method by a simple modification of the covariance matrix of the received signal. While in [48] , a similar NB algorithm was also presented by applying a transform to the same covariance matrix. Both methods were capable of providing a notch at the locations of interferences signals. In [49] , two NB algorithms as Covariance Matrix Taper (CMT) methods are defined, and considered as effective robust adaptive beamforming techniques, imparting robustness into the adaptive pattern by a judicious choice of null placement and width. In [50, 51] , it was proved that NB was able to extract moving targets with less number of snapshots for the covariance matrix in sonar applications. As for wireless communication, NB was employed in a cellular communication system [52] , and particularly an example was given in Space Division Multiple Access (SDMA) system for downlink beamforming [53] . In [53] , three different NB schemes were compared. They were the Angular Spread (AS) based approach, high order NB and multiple nulling. All of them were shown to increase the Signal to Interference plus Noise Ratio (SINR) at the Mobile Station (MS). What is more, it also illustrated that NB for downlink beamforming was quite essential in the propagation environment with AS. Recently in [54] , a constrained optimization approach for NB has been proposed, which was based on semi-definite programming. This NB method could also broaden the main beam for desired detection and consequently it achieved a better coverage. Another iterative NB method was discussed in [55] for depressing side lobes in applications of array beampattern synthesis with lower number of interference signals and high iteration speed.
We assume that the BS is equipped with a Uniform Linear Array (ULA) containing M antenna elements. There are K far-field SS. We first discuss VDA based on narrowband signal sources, and then we show how to calculate iteratively the whole set of weights with NB of OFDM signals.
The received signal of the BS is given by:
where L is the number of snapshots, a(θ i )is the steering vector of the ith signal sources in the direction of θ i ,
T is the vector transpose. s i (t), i = 1, 2, . . . , K are the signals from all SS and n(t) is the Additive White Gaussian Noise (AWGN). Parameter d is the space between two array elements, and λ is the wavelength. The received covariance matrix at the BS equals:
where superscript H means hermitian transpose, and σ 2 i , i = 1, 2, . . . , K is the power of the ith signal and σ 2 n is the variance of the noise. We then can estimate a(
n , which help us to calculate the covariance matrix for the downlink beamformer of the kth user,
The well-known CMT method is fully employed for the uplink mode. However, when it is introduced for downlink beamforming, it needs to reconstruct the covariance matrix for the kth SS at downlink by estimating the DOA and powers of SS and also of the noise power, as shown in (4). The weights of MVDR beamformer are [56] :
In order to produce a notch of width W in each interference direction, the CMT method is required to calculate R CMT,k by the Hadamard product of R k and T:
where
represents the element of matrix T, located at the mth row and the nth column. Then by using R CMT,k in (5) instead of R k , we can have the weights with NB calculated by CMT. By using an approximation for the sinc function,
The null broadening R k in the new NB method is calculated from:
diag(β) spans a diagonal matrix with each element of vector β on the main diagonal. The proof of equation (9) is shown in Appendix A. Similarly, if we adopt R k instead of R k in (5), we can compute the weights w k of VDA. VDA can be performed by adding two directions with coherent signal sources to the received signals. Expressions (4) and (9) illustrate that the modification of the received signal at downlink of the kth SS consists of 3 parts. The first is the received signal x(t) but without a(θ k )s k (t), i.e., eliminating the signal from the kth SS. The other two parts are considered as the coherent signals coming from directions cos with i = k, i = 1, 2, . . . , K . The reconstructed covariance matrix of R k is shown in Fig. 5 . In order to put deeper nulls around the required directions, the VDA can be calculated iteratively. A two-step iterative method is demonstrated in Fig. 6 . To keep the same width, the starting width W 0 is chosen as
where Q is the total number of iterations. If the weights for the downlink MVDR beamformer are calculated as w k in Eq. (5), we derive
It is worth noticing that the weights of the MVDR and MMSE beamformer are both given by the Wiener solution. As a result, w k of MVDR can also be calculated iteratively as w k of the MMSE, which was shown in Fig. 4 . For the NB case, if we let U k = ( R k C −1 + I) −1 , the different weights of different subcarriers can then be computed iteratively by: 
The adaptive downlink OFDM beamformer with NB is shown in Fig. 7 . The weights of each subcarriers for kth SS are deduced iteratively by multiplying the weights with T i→i+1 , where
k .
Simulation Results and Radio Spectrum Efficiency Improvement
A ULA with 16 elements at half-wavelength spacing is here taken into account (M = 16, d = λ/2). We assume that there are four SS, the four DOA's are at
The SNR of the four SS are all 15dB. Since OFDM signals per subcarrier can be considered as narrow band, we only consider the narrow band case for simplicity. However, as can been seen in Fig. 7 , the weights of VDA can be computed iteratively, meaning that the weights of different OFDM subcarriers are also easily calculated. We assume that all the SS are sharing the same spectrum band. As mentioned before, the adaptive beamformer assures for SS1 that the weights of each subcarrier should have nulls towards other three SS. The width of the notch is set to W = 0.2. We consider Q = 2 steps for iteratively using VDA. All the simulations are under the condition that L = 500. Figure 8 shows the beampattern of the two methods, i.e., CMT and VDA. Figure 8 learns that both methods can broaden nulls towards the three directions of SS2, SS3 and SS4 with the same width W = 0.2, while directing the main beam to SS1. However, VDA can put deeper nulls to the angular around direction of SS2, SS3 and SS4 than CMT. Figure 9 shows the CDF of the downlink power in the requested null broadening angles for SS2. We performed simulations for 5,000 times. It shows that CMT and VDA can depress the power around the directions of SS2 by more than −30 dB. Figure 9 also illustrates that for 50% of time, VDA places the nulls with depth lower than −47 dB, while the CMT show deeper nulls than −47 dB for only about 30%. The worst performance of depressing interference at SS2 is given by adopting the MVDR beamformer without broadened nulls, which shows that there is only 8% of time that SS2 has a depression of co channel interference lower than −47 dB. Next, we take the channel effect into the consideration. The received signal and power spectra at the SS depend on the probability density function (pdf) of the Angle of Arrival (AOA) of the scattered wave. Clarke considered a uniform AOA pdf over [−π, π) [57] . However, it has been argued and experimentally demonstrated that the scattering encountered in many environments results into a non-uniform pdf of AOA at SS [58] . Reference [59] suggests the two-parameter Von Mises pdf as a flexible and generalized model for the pdf of AOA, which includes non-istropic scattering cases, and also the isotropic one as a special case. The pdf is given as [59] , 
where I 0 (k) is the zero-order modified Bessel function, θ p accounts for the main direction of the AOA scatter components. Parameter l ≥ 0 controls the width of the AOA of scatter components. Figure 10 shows the p (θ ) with different l for θ p = 0. Based on Von Mises model, point nulls which can be generated by adaptive beamformers are not sufficient enough for energy depression, because the power around the nulling direction may also leak into other SS due to spatial scattering.
Assuming that there are K SS. The kth SS receives signals of powers {E 1 , E 2 , . . . , E K } from all K users. The downlink Signal to Interference Ratio (SIR) for the kth user is defined as [55] ,
With η k , the coverage performance can be represented by the probability distribution function C(γ ) = P {η k > γ }. In our case, K = 4. Figures 11 and 12 compare the coverage performance of the three beamforming methods with different l connected to the Von Mises pdf. It can be seen that both VDA and CMT have a higher CDF than the MVDR beamformer without NB. As a result, the coverage range is significantly enlarged by the NB methods. According to Fig. 11 , the chances of VDA and CMT methods to have a SIR of SS2 lower than −18 dB reaches 100 and 55% respectively, while that of MVDR without NB is less 10% with l = 10. When l = 7, the CDF in total is lower than that of l = 10; this is because the AOA pdf of the channel seen at SS is wider than that for l = 10, as indicated in Fig. 10 . However, the VDA still achieves the best among the three.
Distributed Beamforming for I-WiMAX
In this section, we introduce DB to I-WiMAX for long distance communications beyond the coverage range of one BS. As shown in Fig. 3 , accessible SS are regarded as wireless relays, and consequently they form a relay network with flexible and uncertain locations of each node. We first show the feasibility of DB for I-WIMAX. Then we present a new DB method 
DB for I-WiMAX in TDD and FDD Schemes
WiMAX supports two duplexing schemes: Time Division Duplex (TDD) and Frequency Division Duplex (FDD). However, most WiMAX implementations will likely use TDD, because it allows the system operator to receive the most from their investment in spectrum and telecom equipment, while meeting the needs of each individual user. We demonstrate here that TDD is also more suitable for the application of DB to I-WiMAX than FDD. Figures 13 and 14 show DB for I-WiMAX in both TDD and FDD schemes. We mark those SS, which are beyond the transmission range as Distant SS (DSS). The uplink defines the link from DSS to BS, while downlink represents the reverse. In TDD mode, as shown in Fig. 13 , DSS, SS and BS require only one channel for uplink and downlink transmission in two distinct time slots. For DSS, the whole Tx and Rx procedure requires double time related to the communication session within the coverage range. In Fig. 14 , it is worth noticing that for DSS and SS, the portions of the spectrum used for Tx and Rx are different; for example, DSS must transmit signals to SS via adopting a spectrum band of the downlink. This is a hard task for such hardware modification. Therefore, TDD scheme is more flexible and more suitable for introducing DB into I-WiMAX.
There are two most relevant relay strategies: Amplify-and-forward (AF) and decode-and forward (DF) [60] . In the AF, the relay simply transmit the scaled and phase-shifted version of their received signals, while in the DF scheme, the relay starts with decoding and then re-encode their received signals prior to retransmitting them. We can see from Fig. 13 that in the TDD mode, since Tx and Rx are performed in different time slots, both AF and DF can be adopted. In this study, we consider the AF strategy because of its low complexity.
Multi-beam's Generating Method
The geometry structure of the relay network in our case is illustrated in Fig. 15 . The kth node of the relay network is the kth SS, with the polar coordinates (r k , k ) . The location coordinates of the DSS are given by (A i , φ i ), i = 1, 2, . . . , N d , where N d is the number of DSS. For a total number of SS equal to N , we furthermore consider the following assumptions which are the same as in [18] . The location of each SS is chosen randomly, following a uniform distribution within a disk of radius R. Meanwhile, we assume that all SS transmit identical energies and that the path losses of all SS are also identical, meaning no multipath fading or shadowing. Next, no mutual coupling effects in the antenna of each SS are taken Fig. 15 Geometry structure of the relay network and DSS for DB into account. We also assume that all the SS are perfectly synchronized so that no frequency offset or phase jitter exist.
If we chose the initial phase of each SS as
denotes the far-field Euclidean distance between the kth SS and the 1st DSS. The far-field beampattern array factor for the set of SS is then approximated by
The locations of SS follow the uniform distribution over the disk of radius R. Thus, the probability density functions (pdf) are
, the compound random variable z k has the following pdf, as shown in [18] ,
Then the array factor in Eq. (20) can be written as
where R = R/λ is the radius of the disk normalized by the wavelength. The far field beampattern can be defined as
where α(φ) = 4π R sin φ−φ 1 2 . The average array beampattern of the random distributed SS becomes [18] 
and J n (·) stands for the nth order Bessel function of the first kind.
If we adopt the initial phase as given in Eq. (18), it means that the average array pattern generated by the SS relay network towards (A 1 , φ 1 ) can be expressed by Eq. (25) . However, we can set an initial phase for SS different from Eq. (18), as for example has been shown in [18] . For adopting initial phases as given by Eq. (18), the synchronization of each SS requires an accurate knowledge on the distance, relative to the wavelength, between each node and the absolute distance. It is then possible to realize a closed-loop case as in self phasing arrays, and may be achieved by the use of reference signals such as comes from the Global Positioning System (GPS) [18] .
The average beampattern in Eq. (25) does not show the probability for a certain amount of energy that may be received at different φ. This problem has still not yet been addressed. We therefore give now the CDF of P(φ |z k ), Prob {P(φ |z k ) |P(φ |z k ) ≤ P 0 } when N is large. In Eq. (23) , when N is large we know that according to the Central Limit Theorem,
). Then the absolute value of F(φ |z k ) − μ(φ) obeys the Rayleigh distribution. Finally, we obtain
The proof of equation (27) is shown in Appendix B. Figure 16 shows the result of Eq. (27) , indicating the probability distribution of the energy larger than P 0 with spreading over different φ. We here considered different R with N = 256, and P 0 = 0.8. We assumed only one DSS and a DOA of φ = 0. From Fig. 16 , we can see that with larger R, at the same probability of more than 80% the energy focuses closer to the direction of DSS1.
Using Eqs. (18) and (25), it is easy to generate one beam towards one direction at the time: consequently the forming of more beams needs more time. Next, we present two methods to form more than one beam in space at the same time. Those beams belong to different DSS users when they receive signals within the same spectrum band. 
Beampattern of Nodes Distributed in a Ring Range
We here discuss the case when nodes of networks are distributed in a ring range, rather than in a circle. Figure 17 shows the structure and parameters.
We assume that the locations of SS which are in the ring range follow the uniform distribution over the ring in the radius interval R 2 − R 1 . Thus, the pdf's are
Similarly, we can write for the average far-field beampattern of SS distributed in a ring range
where ξ =
The proof of Eq. (29) is shown in Appendix C. Then by separating SS into different groups, we synchronize them with different initial phases. For example, all SS located in the inner circle will have the initial phases of φ 1 ) , while for those SS, which are in the ring range, we adopt different initial phases of
Then we have two beams towards both (A 1 , φ 1 ) and (A 2 , φ 2 ). If we need to direct beams towards more than two directions, we can separate SS, located in the outer circle of Fig. 17 , into several different ring ranges with different radii.
DB with Nodes Having Randomly Selecting Phases
Another method to display more than one beam at the same time slot is to let the SS randomly chose which DSS to serve. If the kth SS chose the ith DSS to transmit signals, it will set the initial phases
The chance that SS chose DSS is equal to 1/N d . In this case, the far-field beampattern of the SS relay network yields
where η is a discrete random variable, which has the following pdf
Then the average array beampattern of the random distributed SS with random selected initial phased becomes
The results of the two multi-beam generating methods discussed above are shown in Fig. 18 . We here consider the case N = 256, R 2 = 2. For the first multi-beam generating method,
. We chose the SS in the inner circle to form a beam towards φ 1 = 0, while the rest direct the beam at direction of φ 2 = 60 • . We can see that with both methods, two beams towards two required directions operate successfully. The beampattern of SS, distributed in a ring range, has higher sidelobes than that of a circle range. In the ring range case, the number of the SS is about N ξ 2 , while that of the rest SS in a circle is N (1 − ξ 2 ). According to [18] , the sidelobe approaches 1/N as the beam angle moves away from the target direction, which explains the 8dB difference in sidelobe asymptote of the two beam patterns formed by SS in a circle and in a ring range. When the SS randomly chooses its initial phases, the beampattern tends to have two beams towards φ 1 , φ 2 with half of the energy each. This is the result of an equally chance of selecting different initial phases. Applying the DB method to the OFDM signal, different subcarriers are required to adopt different initial phases, because they operate at different frequency bands. The initial phases based on Eq. (18) for the ith subcarrier of the kth mode can be expressed as:
We assumed here N f OFDM subcarriers, with frequency spacing f between two adjacent subcarriers, and f 0 is the starting frequency of the operating band. From Eq. (25), the average beampattern of the ith subcarrier can be written as
For WiMAX, there are three frequency bands defined in the standard, 2.5 and 3.5 GHz licensed spectrum, and the unlicensed 5 GHz spectrum [61] . The subcarrier spacing of Wi-MAX is always 10.94 kHz, which means when the available bandwidth increases, the number of subcarriers will also increases. WiMAX supports the channel bandwidth of 1.25, 5, 10, and 20 MHz. We assume that f 0 = 3.5 GHz, and the channel band is 1.25 MHz. Therefore, 128 subcarriers will be used. Then
Therefore,
It means that in this case the average beampatterns of the all subcarriers are approximately the same. Meanwhile, since the coverage of mobile WiMAX in an out door scenario is about 1 km, we can choose the radius R of the circle, where the SS are distributed, as large as 1 km to include more nodes in the relay network. Meanwhile we estimate R 0 = R c f 0 1. It has been discussed in [18] that the 3-dB bandwidth of the average beampattern equals
As a result, in our case of WiMAX, the 3-dB bandwidth of the average main beam will be very small, in other words, the main beam is quite narrow. It is desirable to achieve a narrow main beam. However, when DSS is moving or the location of DSS is not accurate enough, too narrow beams may cause problems, as the DSS may not be covered by the main beam.
Conclusions
I-WiMAX, as a new maritime wireless communication system, promises a large coverage range, high data rates, efficient spectrum usage, and reliable communications in sea/lake scenarios. It consists of SR and mobile WiMAX. SR introduces two beamforming techniques, AB and DB, for ultimate efficient spectrum utilization and large coverage. AB for uplink can spatially select the receiving signals of interested SS and alleviate cochannel interferences by directing the main beam towards the interested SS and nulls towards others. For downlink adaptive beamforming, the NB method is introduced in I-WiMAX to display spread nulls in a certain range of directions. We propose a new NB method, called VDA which is based on the MVDR beamformer. The VDA guarantees deeper nulls than CMT, while keeping the same width, and consequently decreasing co-channel interferences effectively and improving the coverage range significantly. What is more, the weights of different OFDM subcarriers with NB can be calculated iteratively, which reduces the computational complexity. When taking into account a spatial channel model, as is seen at the SS, it proves that NB is an essential part of I-WiMAX when serving reliable links to more than one SS within the same spectrum bands.
For SS (far) beyond the possible communication coverage range, we propose a relay network formed by those accessible SS to transmit the signals further to distant SS, rather than involving another BS. Due to the uncertainty of the location of the relay nodes, DB is employed for the SS relay network to transmit signals collaboratively after adopting different initial phases. We showed that the TDD mode of WiMAX is more suitable than FDD. However, sharing the spectrum requires directing more than one beam at the same time towards different DSS. Therefore, we proposed two methods of generating multiple beams. Both of them are able to focus transmitting energy on the requested directions. As a result, different DSS can receive signals from BS constructively with efficient spectrum utilization.
Appendix A
Proof of Equation (9) From Eqs. (6) and (7), the element of the mth row and nth column of the covariance matrix can be written as
Then by using the approximation proposed in Eq. (8) (10) and (11), R k can be easily written as
, which is shown in Eq. (9) .
Appendix B
Proof of Equation (27) If we let We calculate the probability Prob {P(φ |z k ) |P(φ |z k ) > P 0 }, which is equal to 1 − Prob {P(φ |z k ) |P(φ |z k ) ≤ P 0 }.
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